Alloys
The influence of ball-milling time on the dehydrogenation properties of the NaAlH 4 eMgH 2 composite 
Introduction
Nowadays, the growing energy demand and increasing levels of green-house gasses urges the development of alternative energy solutions [1, 2] . Amongst many potential solutions a hydrogen-based economy attracts considerable attention. This is based on the so-called 'green energy' concept that is realised as a closed cycle process. At the start of this cycle, hydrogen can directly be produced from water by using sunlight, e.g. by photo-catalysis or indirectly by combining solar cells with electrolysis of water [3] . Subsequently, hydrogen must be stored efficiently for a safe transport. Finally, the green cycle is closed when hydrogen is oxidized together with oxygen to deliver energy and water [4, 5] . However, implementation of the hydrogen-based economy suffers of a severe bottleneck. Efficient and safe hydrogen-storage is still very challenging, especially for the automotive industry applications [6] .
The most promising methods to store hydrogen are by means of chemisorption and physisorption. In the latter case, most attractive sorbents are used with a large surface area that requires very low temperatures, as low as liquid nitrogen, to storage the hydrogen. These methods reveal good sorption kinetics and often reasonable storage capacities [7] . The chemisorption method is mostly dominated by alkali-and alkaline-earth metal hydrides that often require elevated temperatures for sorption and show high storage capacity. In this group a large number of compounds are composed of light-weight metals like Li and Na.
Both metals are able to form so-called alanates, such as LiAlH 4 [8, 9] and NaAlH 4 [9] . These alanates have been intensively investigated as prospective complex hydrides with a high theoretical gravimetric storage capacity of 10.6 and 7.5 wt.% for LiAlH 4 and NaAlH 4 , respectively [10] .
Thermodynamic destabilization of complex hydrides can be achieved by using an additional hydride that results in the formation of intermediate phases. Attractive hydride composites have been developed, like LiAlH 4 eMgH 2 [11] and NaAlH 4 eMgH 2 [12e14], which have a high storage capacity of 9.4 and 7.6 wt.%, respectively. So far, much emphasis in the hydrogen-storage community was dedicated to the LiAlH 4 eMgH 2 system. Regarding the NaAlH 4 eMgH 2 system only a few limited investigations have been carried out, which leave much space for further improvements of the composite and to get more in-depth knowledge.
The process of the thermodynamic destabilization of LiAlH 4 eMgH 2 and NaAlH 4 eMgH 2 involves complex multi-step reactions. Firstly, LiAlH 4 and NaAlH 4 are expected to form intermediate complex hydrides (Li 3 AlH 6 or Na 3 AlH 6 ) during the decomposition. Furthermore, hydrogen gas, Al and metal hydrides (LiH or NaH) are formed, according to a two-step reaction [11e14]. 3Li=NaAlH 4 /Li=Na 3 AlH 6 þ 3Al þ 3H 2 (1)
The studies in which various molar ratios of LiAlH 4 :MgH 2 (1:1, 1:2 and 1:4) were used, revealed that the dehydrogenation pathway follows always the reactions (1) and (2) 
Reaction (3) has been described in more general terms in Ref. [17] .
It is believed that the above alloys play a dominant role in the thermodynamic destabilization of the LiAlH 4 eMgH 2 composites [11,15e17] .
The investigation of NaAlH 4 eMgH 2 [14] revealed two possible reaction schemes (1:4 and 1:2 vs. 1:1), unlike LiAlH 4 eMgH 2 (1:1, 1:2 and 1:4) [11] . The NaAlH 4 eMgH 2 (1:1) composition [13, 14] is expected to form the dehydrogenation product Na 3 AlH 6 and follow the anticipated reactions (1), (2) and (4) [11, 13, 14] . Further decomposition of NaH and residual MgH 2 leads to hydrogen gas and respective metals without the formation of a NaeMg alloy.
The [12, 14] . NaMgH 3 is formed according to
It is not clear yet why the reaction (6) was not observed in the NaAlH 4 eMgH 2 composites with the molar ratio of 1:1 [13, 14] but only in the mixtures with excess MgH 2 [12, 14] . Furthermore, the decomposition of the excess MgH 2 into Mg and hydrogen as well as reaction (4) take place. At a later stage of the dehydrogenation process, NaH and NaMgH 3 decompose according to
NaH / Na þ 0.5 H 2 (8) Recently, it has been reported that during the dehydrogenation of the Na 3 AlH 6 eMgH 2 mixture, NaMgH 3 can also be formed [18] .
The decomposition reactions of the NaAlH 4 eMgH 2 and Na 3 AlH 6 eMgH 2 composites as presented above indicate the possibility of a coexistence of the intermediate hydrides Na 3 AlH 6 and NaMgH 3 since both can be formed from the same hydride mixtures. So far, it was suggested that the reported NaAlH 4 eMgH 2 mixture dehydrogenates exclusively via one intermediate hydride NaMgH 3 or Na 3 AlH 6 which depends on the molar ratio of the primary hydrides. However, the X-ray diffraction (XRD) reflections of these ball-milled samples may show much overlap, since the crystallinity is typically significantly decreased by grinding, which may lead to issues with the data interpretation.
The goals of the present study are twofold. Firstly, to analyse the influence of the high-energy ball-milling on the dehydrogenation properties as a function of time and secondly, to gain more knowledge about the structural transformation pathways of the NaAlH 4 eMgH 2 (1:1) composite.
Experimental methods
All samples were handled and manipulated in an argon filled glove-box. Sodium Aluminium Hydride (NaAlH 4 , SigmaeAldrich, 95%) and Magnesium Hydride (MgH 2 , SigmaeAldrich, 95%) were used as-received from producer without further purification.
2 g of powder mixtures of NaAlH 4 eMgH 2 (1:1) were placed in a stainless steel 50 ml vial and milled with a shaker SPEX 8000 mill which operates at 1200 rpm and subsequently, placed in the glove-box. Stainless steel balls (6 of 13 mm and 16 of 6 mm diameter) were used for the milling experiments. The ball-to-powder weight ratio was kept constantly at 16:1. The samples were milled from 1 to 360 min.
The powder samples were characterized, before and after milling, with X-ray diffraction (XRD) using a Bruker D4 Endeavor X-ray Diffractometer with Cu K a radiation and 2q range of 10e80 and 0.02 step. The materials were loaded in a commercial steel sample holder equipped with a Kapton foil to protect the sample from air. The ICDD data base was used to evaluate the phase formation. Dehydrogenation experiments were conducted with a Sievert-type apparatus HyEnergy PCTpro2000. The Sieverttype of set-up was successfully applied before to investigate temperature programmed desorption (TPD) [19] . The samples were prepared and measured applying the standard procedure for each step. This includes a leak check; purge gas and volume calibration at 100
C. The dehydrogenation experiments were performed in a static vacuum (staring level Fig. 1 e The dehydrogenation characteristics of the NaAlH 4 eMgH 2 (1:1) mixture ball-milled for 1e360 min with a highenergy ball-mill: a) desorbed hydrogen as a function of the temperature and b) desorbed hydrogen and temperature as a function of time.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 4 2 0 0 e4 2 0 6 ~0.1 bar). The TPD measurements as conducted between 100 and 350 C with a heating rate of 3 C/min. After approximately 4 or 2 h the pressure was reverted to the starting level due to the pressure increase caused by hydrogen release from the mixture and temperature change. Therefore, blank tests in the static vacuum were performed under similar TPD conditions to estimate the effect of the pressure change and effective wt.% changes of the performed experiments. The blank tests have shown small wt.% changes of the order of 0.01e0.05 wt.%.
Results

Dehydrogenation
The effect of ball-milling time on the dehydrogenation behaviour of the NaAlH 4 eMgH 2 (1:1) mixture is shown in Fig. 1 . Prolonged ball-milling (30e360 min) has an effect on the dehydrogenation reaction rates. For these samples the initial temperature at which hydrogen starts to get released is 150 C,
which is approximately 30 C lower compared to the sample milled for only 1 min (Fig. 1a) . This effect may be associated with the impact of high energy ball-milling on the grinded samples. Prolonged milling of hydrides such as MgH 2 leads to decreased crystallite and particle sizes, and of the introduction of various defects, which enable a faster hydrogen diffusion process in the bulk of the ball-milled materials [20, 21] . A significant temperature decrease of 60e80 C, depending on the sample, is also more clearly observed during the completed first dehydrogenation step in Fig. 1a Further stages of dehydrogenation can be observed in Fig. 1b in which, at constant temperature (350 C), all the milled compositions show two more distinctive dehydrogenation processes. These represent stages of further phase transformations of the composites. A detailed structural XRD analysis will be discussed below. Ball milling also shows an effect on the amount of hydrogen released. The lowest amount of released hydrogen was found to correspond to the sample which was milled during 1 min. This sample showed a weight decrease of 5.2 wt.% at the maximum temperature of 350 C compared to the samples, which were ball-milled for 30 (~5.8 wt.%), 120 (~5.8 wt.%) and 360 min (~5.6 wt.%). Obviously, the hydrogen release flow of the sample milled for 1 min seems to be quite unsteady and not continuous. This may be attributed to bad homogeneity of the mixture. In contrast, the samples milled for longer times show smooth hydrogen release curves. Note that both samples ball-milled for 120 and 360 min show similar dehydrogenation reaction rates and storage capacities, therefore the optimum milling time in these experiments was 120 min since extended ball milling was not beneficial for the rates and consumes more electricity. Fig. 2 shows the XRD results of the NaAlH 4 eMgH 2 (1:1) mixtures ball-milled for 1e360 min in a SPEX mill. The main effect of the prolonged milling is the decreasing size of particles and crystallites. This resulted in significant broadening of all reflections and vanishing of the smallest peaks of the starting materials. The main starting materials NaAlH 4 , MgH 2 and Mg (always present as traces in the commercial magnesium hydride) could be confirmed in the mixture milled for 1 min. In the samples milled elongated times the traces of Mg vanished in XRD due to, firstly, decreasing crystallites size and, secondly, potential reactions of the metal with other components of the mixture. Furthermore, several additional very small and broad XRD peaks could be detected in the samples milled elongated times. These peaks could be assigned to two phases which typically are observed during the dehydrogenation i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 4 2 0 The XRD of the dehydrogenated NaAlH 4 eMgH 2 mixtures which were previously ball-milled for 1 and 120 min are shown in Fig. 3 . For simplicity, only these two XRD patterns are shown because the phase composition of the 120 min sample resembles the two remaining samples. It should be noted that the overall phase composition of all samples seems to be somewhat similar, and the main differences are related to the peak intensity of the components.
Structural analysis
In these multi-component samples, the most distinct phases that only partially overlap with other compounds are NaH and Al 12 Mg 17 . A clear distinction between b-Na 3 AlH 6 and NaMgH 3 is again hindered since the identification is exclusively based on a few strongest reflections (many smallest are missing) which are broad and overlap with each other and some other phases.
Next to the above mentioned Al 12 Mg 17 alloy, at least two other alloys can be identified, such as AlMg and Al 3 Mg 2 . Also other alloy candidates, assigned using some low intensity reflections (not indicated on the figure for simplicity), may be proposed, such as Al 5.15 Mg 3.15 , Al 3.16 Mg 1.84 , and Al 2 Mg. However, most reflections of these phases overlap with other proposed compounds. Many reflections of the smallest intensity belonging to various AleMg alloys are observed mostly as some disturbance in the background (very small and broad peaks), therefore these are not shown since their assignment is hampered by a limited interpretation.
Among the expected single metal compounds, such as Mg, Al, and Na, none of these could be observed.
Discussion
Proposed dehydrogenation pathway for ball-milled NaAlH 4 eMgH 2 (1:1)
Based on the above presented data we would like to propose the following possible decomposition pathway of the NaAlH 4 eMgH 2 (1:1) mixture, Phase 1, as shown in Fig. 4 . The evaluation of the XRD data leads to the conclusion that decomposition of the mixture is already initiated during highenergy ball-milling for 30 min and longer times. This is possible because the mechanical grinding results in elevated pressures and temperatures at the impact point of balls. However, the major decomposition of the composite takes place during TPD above 150 C (Phase 2 below). For the 1 min ball-milled sample, it is expected that our proposed dehydrogenation pathway is only initiated at elevated temperatures during the TPD experiment as could be judged from XRD (Phase 1 and Phase 2 occurring only during TPD). It is worthwhile to note that only a small quantity of hydrogen was released during milling for 30 min and longer times, as can be judged from the dehydrogenation experiments. The first major step in the decomposition process of the NaAlH 4 eMgH 2 (1:1) composite may be ascribed to the formation of the intermediate hydride b-Na 3 AlH 6 , alternatively NaMgH 3 , or both simultaneously. Literature indicates one more possibility, reaction (9) [18] , in which Na 3 AlH 6 react with MgH 2 to form NaMgH 3 . According to the literature, the two hydrides b-Na 3 AlH 6 and NaMgH 3 [12e14] are formed in a similar temperature range as the observed during our TPD study (first step of the dehydrogenation process). The evaluation of the XRD data, even if challenging, allowed concluding that coexistence of both hydrides is possible. Therefore, it cannot be excluded that these hydrides form as a result of competing reactions. Proposed dehydrogenation pathway for NaAlH 4 eMgH 2 (1:1) at high temperatures We believe that the alloying process may take place at all steps of the decomposition (Phase 1 and Phase 2), as proposed in Fig. 6 We believe that the discrepancies between literature and what was observed in this study regarding the formation of the alloys may be attributed to the different temperature ranges used in the TPD studies, reaction times, and challenges to satisfactory identify the decomposition products in XRD data due to multi-phase samples and often poor crystalline materials. Our experiments end at approximately 350 C because of practical reasons and this therefore results in the formation of multiple alloys, while experiments from the literature mostly end at much higher temperatures between 450 C and 500 C, and result in the formation of only a single alloy with the composition: Al 12 Mg 17 [12e14,18] . The latter experiments also lead to the complete decomposition of NaH, to the Na metal and hydrogen gas, which was not observed in this study. The remaining questions, that can be derived based on the above discussion, are how these various AleMg alloys form exactly and how these influence the reversibility and thermodynamic stability of the NaAlH 4 eMgH 2 composite. These issues are the subject of our further study that is currently underway. An attempt to evaluate the participation of the two hydrides, b-Na 3 AlH 6 and NaMgH 3 , in the dehydrogenation process will be a subject of a detailed study using IR spectroscopy. Our further investigations include the studies on the effect of the catalysts on the properties of the mixture.
Conclusions
NaAlH 4 eMgH 2 is an attractive material for future hydrogenstorage applications. The influence of high-energy ball-milling, as a function of time, on the structural phase transformations and on the dehydrogenation properties of NaAlH 4 eMgH 2 (1:1) was investigated. Expectedly, the prolonged ball-milling of the mixtures leads to significantly enhanced dehydrogenation reaction rates, i.e. desorption of hydrogen at much lower temperatures. Novel insights into the decomposition reactions of the material were provided. A number of AleMg alloys seem to participate in the dehydrogenation via a complex alloying process of Al with Mg or MgH 2 . The obtained results suggest the two hydrides Na 3 AlH 6 and NaMgH 3 coexist during decomposition of the mixture. The study shed a light on the complexity of the decomposition pathways of hydride mixtures in which the key role play alloys. Fig. 5 e The potential decomposition pathway of the ballmilled NaAlH 4 eMgH 2 (1:1) mixture observed at hightemperature TPD experiments e Phase 2. Fig. 6 e Proposed alloying process based on the dehydrogenation experiments of NaAlH 4 eMgH 2 (1:1).
